ABSTRACT Dicer is a key enzyme that processes microRNA precursors into their mature form, enabling them to regulate gene expression. Dicer null mutants die before gastrulation. To study Dicer function in testis development, we crossed mice carrying a conditional Dicer allele with an AMH-Cre transgenic line, thereby inactivating Dicer in Sertoli cells around embryonic day 14.0 (E14.0). Dicer null Sertoli cells show normal embryonic development, and at postnatal day 0 (P0), testis tubules are normal in number and histologically undistinguishable from controls. Subsequently, Dicer-mutant testes show a progressively aberrant development, so that at P6, they contain a reduced number of disorganized testis tubules leading to primary sterility. Apoptosis and prophase I assays reveal a massive wave of apoptosis starting at P3, causing progressive loss of Sertoli cells, but also of germ cells, resulting in drastically reduced testis size. Expression of genes that play crucial roles in testis development, structural integrity and spermatogenesis is downregulated at P0, before morphological changes become apparent, indicating that Dicer-mutant testes are already transcriptionally compromised at this stage. Taken together, the results of this study show that Dicer is required for Sertoli cell function and survival and for spermatogenesis in mice.
Introduction
Sertoli cells, the somatic, epithelial cells of the testis cords and seminiferous tubules, play central roles during testis development (Wilhelm et al. 2007) . They are formed shortly after the sex determination stage at embryonic day 11.5 (E11.5), when expression of the testis-determining gene Sry in pre-Sertoli cells of the XY gonad causes upregulation of expression of Sox9, which initiates a genetic cascade leading to the differentiation of preSertoli into Sertoli cells (Sekido and Lovell-Badge, 2008) . During embryonic and fetal development, Sertoli cells are necessary for the formation and integrity of the germ cell-containing testis cords. They are also involved in the degeneration of the Müllerian ducts, the precursors of the female internal genitalia, through the action of the Sertoli cell-secreted factor anti-Müllerian Hormone, AMH, and in the correct differentiation of the interstitial Leydig cells, which secrete testosterone to promote the differentiation of the Wolffian ducts into the male internal genitalia. Inactivating Sox9 before E11.5 in XY mice inhibits the formation of Sertoli cells and leads to the development of ovaries in place of testes (Chaboissier et al. 2004; Barrionuevo et al. 2006) . Deletion of Sertoli cellspecific genes Wt1 (Gao et al. 2006) and Sox9 together with Sox8 (Barrionuevo et al. 2009 ) at around E14.0, shortly after testis cord formation, causes a wide spectrum of testis abnormalities including loss of testis cord architecture, maintenance of a rudimentary uterus and collapse of the testis resulting in sterility. At puberty, Sertoli cells undergo a process called maturation by which they change their morphology and function and establish the blood testis barrier, enabling them to support spermatogenesis. Failure in Sertoli cell maturation causes disorders in spermatogenesis (reviewed in Sharpe et al. 2003) .
MicroRNAs (miRNAs) are a class of endogenous, noncoding RNAs that negatively regulate protein expression by either mRNA degradation or translational inhibition. The RNase III enzyme Dicer is required for the processing of the 21-22 nucleotides-short miRNAs and small interfering RNAs (siRNAs) from doublestranded RNA precursors (Bartel, 2004) . Dicer-generated mature miRNAs are incorporated into the effector RNA-induced silencing complex (RISC) that triggers the destruction of complementary mRNAs or prevents their translation. Several studies have shown testis-specific expression of a number of miRNAs (Ro et al. 2007; Yan et al. 2007 ) and of components of the RNA interference machinery (Drosha, Dicer, (Gonzalez-Gonzalez et al. 2008) , indicating that they may play a role during testis development. Dicer -null mice die at E7.5 (Bernstein et al. 2003) , preventing the study of the role that Dicer may play at later stages of development or in adult tissues. A way to bypass this early lethality consists in the generation of mice harbouring a conditional Dicer allele, Dicer flox , together with a tissue-specifically expressed Cre allele. By means of this approach, Dicer has been inactivated in a number of discrete tissues (Cobb et al. 2005; 2002) . The resulting testes with Dicer null Sertoli cells show normal embryonic development, and at P0, testis cords are normal in number and histologically undistinguishable from controls. Subsequently, Dicer-mutant testes show a progressively aberrant development, so that at P6, they contain a reduced number of disorganized testis cords where Sertoli and germ cells undergo apoptosis. We also find that spermatogenesis is arrested in the surviving testis cords, explaining why Dicer null mice are infertile.
Results

Sertoli cell-specific ablation of Dicer
To conditionally inactivate Dicer in Sertoli cells, we crossed mice with a floxed allele of Dicer (Dicer flox ) to mice carrying the Sertoli cell-expressed AMH-Cre transgene (Cobb et al. 2005; Lécureuil et al. 2002) . To confirm Sertoli cell-specific ablation of floxed alleles by the AMH-Cre transgene, we crossed AMHCre;Dicer flox/flox mice to mice harbouring the Cre reporter allele R26R-EYFP. Double immunohistochemistry for AMH, a Sertoli cell marker, and for EYFP on sections of E15.5 AMH-Cre;Dicer +/ flox ;EYFP/+ testes revealed Cre-mediated recombination of the R26R-EYFP allele in all Sertoli cells (Fig. 1A) . The onset of recombination of the Dicer flox allele in AMH-Cre;Dicer flox/flox PCR using genomic DNA of entire AMHCre;Dicer flox/flox testes with primers that give a 390 bp or 309 bp product specific for the undeleted or deleted Dicer flox allele, respectively, produced a 309 bp fragment at E14.5 but not at E12.5, indicating that the onset of recombination occurs between these stages. Scale bar, 100 μm (a-c). Chen et al. 2008; De Pietri Tonelli et al. 2008; and references therein) . In the testis, Dicer has recently been conditionally inactivated in primordial germ cells (PGCs), resulting in impaired proliferation of spermatogonia (Hayashi et al. 2008) .
In the present study, we triggered loss of Dicer in Sertoli cells after the sex determination stage by crossing mice carrying a Dicer flox allele (Cobb et al. 2005) with an AMH-Cre transgenic mouse line. This line expresses Cre under the control of the human AMH promoter beginning at around E14.0 (Lécureuil et al. Mutant males had normal appearance of the seminal vesicle, vas deferens and epididymis, but testes were severely reduced in size compared to controls. (B) Hematoxylin/eosin-stained sections. Mutant testes were significantly reduced in size, with testis tubules less densely packed compared to controls (a,d). Higher magnification shows well-developed control tubules full of sperm (b) and mutant testis tubules with a disorganized epithelium and with no lumen and sperm (e). Control epididymides were full of mature sperm (c), whereas mutant epididymides were devoid of mature sperm (f). Occasionally, exfoliated germ cells were visible in mutant epididymides ( f, arrow). Ep, epididymis; sv, seminal vesicle; t, testis; vd, vas deferens. Scale bar, 200 μm (a,d); 50 μm (b,c,e,f).
(hereafter designated Dicer Δ/Δ ) testes occurs around E14.0, as the 309 bp PCR product specific for the recombined Dicer flox allele was undetectable at E12.5, but was clearly detectable at E14.5 (Fig 1B) . The 390 bp PCR product diagnostic for the nonrecombined Dicer flox allele at E14.5 derives from non-Sertoli cells, as DNA from whole testis was used for PCR. The time point of Cre action at around E14.0 is consistent with previous reports in which the AMH-Cre transgene has been used for the conditional deletion of other genes in embryonic Sertoli cells (Lécureuil et al. 2002; Gao et al. 2006; Chang et al. 2008; Barrionuevo et al. 2009 ).
Gonadal phenotype of Dicer Δ Δ Δ Δ Δ/Δ Δ Δ Δ Δ males at 2 months Dicer Δ/Δ mutant males were viable and showed normal external genitalia but they were sterile as no offspring was obtained when crossed to fertile wildtype females. Analysis of the urogenital tract of Dicer Δ/Δ males at 2 months revealed normal appearance of the seminal vesicles, vasa deferentia and epididymides. In contrast, mutant testes were significantly reduced in size when compared to controls ( Fig. 2A) . Histologically, mutant testes at 2 months were severely fibrotic, and the few remaining testis tubules were less densely packed compared to the testis tubules in the control littermates (Fig. 2B a,d ). Most mutant testis tubules had no lumen and were devoid of mature sperm (Fig. 2Be) . Accordingly, no mature sperm was found in the epididymides of mutant males, but occasionally, exfoliated germ cells were visible (Fig. 2Bf, arrow) .
Early postnatal abnormalities of
To identify the time point at which testis development in Dicer Δ/Δ males derails, we analysed the histology of the mutant gonads during early postnatal development and up to 1 months. At P0, no appreciable difference existed between control and mutant testis tubules (Fig. 3 A,B) . But as early as at P3, mutant testis tubules were not as clearly developed as controls, with more interstitial space (Fig. 3 C,D) . At P6, mutant testes were smaller than control testes and contained tubules that appeared disorganized and fibrotic ( 
Abnormal development of Sertoli cells in Dicer
To trace the development of Sertoli cells in Dicer Δ/Δ testes, we performed IHC for the Sertoli cell marker SOX9. During all stages analysed, Sertoli cells in control testes were located at the periphery of the testis tubules (Fig. 4 A-E). At P0, mutant Sertoli cells were all located at the periphery of the testis tubules ( Fig. 4F ). At P3, mutant Sertoli cells were mainly located at the periphery, but some cells were also located in the center of the tubules (Fig. 4G, arrow) . In contrast, P6 mutant Sertoli cells, which displayed a somewhat less intense and variable SOX9 staining, were mainly located in the center of testis tubules (Fig. 4H) , as was also the case for P12 mutant Sertoli cells (Fig. 4I ). However, at 1 month, mutant Sertoli cells showed uniform SOX9 staining and were located at the periphery of the testis tubules in the same pattern as control Sertoli cells ( 
g). (B)
Immunofluorescence for γ-H2AX (green), p53BP1 (red), Mre11 (red in e,j) and DNA (DAPI, blue [grey in e,j]) in control (a-e) and Dicer Δ/Δ testes (f-j). Spermatogonia and Sertoli cells show red nuclear p53BP1 labelling at P12 (a,b,f,g). Synchronous onset of spermatogenesis at P12 as indicated by γ-H2AX-positive leptotene spermatocytes filling the tubules in the wildtype (a,b). A low number of γ-H2AX-positive leptotene spermatocytes marks an asynchronous and delayed onset of spermatogenesis in the P12 Dicer-mutant (f,g). This phenotype was also seen after DMC1 staining (Suppl. Fig. S4 ). One and two month-old control testes showing ordered progression of spermatogenesis with γ-H2AX-bright (green) peritubular leptotene spermatocytes and dimly green stained elongating spermatids in stage IX-X tubules (c,d). Section of a 1 month-old mutant testis showing absence of multi-layered epithelium in several tubules (lower left) that display γ-H2AX-bright leptotene spermatocytes (green) (h). Section of a 2 month-old mutant tubule displaying a few peritubular pachytene spermatocytes whose nuclei feature a γ-H2AX-positive XY body (green dot) while spermatids are absent; large p53BP1-positive (reddish) fibrotic tissue separates the tubules (i). (e,j) Stage IX-X tubule from 1 month-old control and mutant testes displaying peripheral γ-H2AX-bright leptotene spermatocytes (green) and pachytene spermatocytes each with a reddish dot that represents the Mre11 (red)-and γ-H2AX (green) -positive XY body (see Barchi et al. 2005) . Dimly γ-H2AX-positive elongated spermatids are present in the control tubule (e, arrowheads), while the mutant tubule contains a few round spermatids only (j, arrows). Note that DAPI staining in (e,j) is colour inverted to gray scale for better visualization. Scale bar, 20 μm (Aa,b,e,f); 25 μm (Ac´,g´); 50 μm (Ac,d,g,h); 100 μm (Ba,f); 10 μm (Bb,g); 50 μm (Bc,d, h,i); 20 μm (B,e,j).
WT1, another Sertoli cell marker (data not shown). That Cre recombinase had successfully acted in all mutant Sertoli cells was demonstrated by IHC for EYFP in 1 month old Dicer Δ/Δ ;EYFP/+ mutant testes ( Supplementary Fig. S1 ). Taken together, these results indicate that Sertoli cells follow an aberrant developmental program between P3 and P12 in Dicer -mutant testis tubules, but they subsequently manage to organize in the correct manner at the periphery within the few remaining tubules.
Spermatogenesis arrests in Dicer
To follow the development of germ cells, we performed IHC for PLZF, a marker for gonocytes at the early stages of testis development, and for spermatogonial stem cells (SSCs) after the onset of meiosis (Buaas et al. 2004) . At P3, we observed the same pattern of PLZF expression in both control and mutant testis tubules (Fig. 5A a,e) . As to be expected for SSCs, PLZFpositive cells were located at the periphery of control testis tubules from P6 onwards (Fig. 5A b-d) . PLZF-positive cells were also present at the periphery of mutant testis tubules at P6 (Fig. 5Af) . At P12, some mutant tubules showed a normal pattern of expression, but there were also clusters of PLZFexpressing cells surrounded by peritubular myoid cells and single positive cells outside of the tubules (Fig. 5A g,g´) . At 1 month, approximately half of the mutant tubules displayed a normal PLZF staining pattern, whereas the remaining tubules were completely devoid of PLZF-positive cells (Fig. 5Ah) . The number of PLZF-positive cells was determined in six control and six mutant testes, revealing a non-significant two-fold and significant five-fold decrease (P<0.01) at P6 and P12, respectively, per total testis volume in the mutant (Supplementary Fig.  S2 ). As SSCs and undifferentiated spermatogonia in neonatal testis coexpress OCT4 together with PLZF (Filipponi et al. 2007) , the same stages shown in Fig. 5A were also analyzed by IHC for OCT4. The results were similar to PLZF: mutant tubules showed normal OCT4 expression pattern up to P6, more mutant tubules than in control were OCT4-negative and some contained OCT4-positive cells away from the periphery at P12, while only very few mutant tubules remained OCT4-positive at 1 month ( Supplementary Fig. S3 ). Altogether, these data indicate that, starting at P6, there is a progressive loss of spermatogonial stem cells in Dicer Δ/Δ testes.
We next analysed the onset and progression of spermatogenesis in control and mutant testes by immunofluorescence for the DNA repair protein markers p53BP1, Mre11 and γ-H2AX (Fig. 5B) . p53BP1 is a marker for non-homologous end-joining DNA repair that is strongly expressed in nuclei of Sertoli cells, intertubular cells and spermatogonia (Ahmed et al. 2007 ). Leptotene and zygotene spermatocyte nuclei strongly express phosphorylated H2AX (γ-H2AX) histones, pachytene spermatocytes show a γ-H2AX-and Mre11-positive XY body (Barchi et al. 2005) , while elongating spermatids show a diffuse γ-H2AX nuclear signal corresponding to chromatin remodelling and associated DNA double strand break formation that occurs during sperm head condensation (Meyer-Ficca et al. 2005) . At P12, in control and Dicer-mutant testes, Sertoli cells and spermatogonia were positive for p53BP1 (Fig. 5B a,b,f,g ). Numerous control tubules displayed characteristic γ-H2AX-positive prophase I stages that filled the tubule lumina (Fig. 5B a,b) , while most mutant tubules showed a highly asynchronous onset of spermatogenesis, with only a few γ-H2AX-bright leptotene and zygotene spermatocytes (Fig. 5B f,g ). These results were confirmed by the reduced expression of the prophase Ispecific DMC1 recombinase in the mutant (Supplementary Fig.  S4 ). At 1 and 2 months, there was normal spermatogenesis in the control (Fig. 5B c-e) . Dicer-mutant testes at 1 month contained many empty tubules and some stage IX-X tubules that displayed only a peritubular layer of γ-H2AX-positive leptotene spermatocytes, while subsequent stages were missing (Fig. 5Bh) . Other stage IX-X mutant tubules at 1 month con-tained spermatocytes and round spermatids (Fig. 5Bj, arrows) but elongating spermatids, as normally seen in wildtype IX-X tubules (Fig. 5Be, arrowheads) , were mostly absent. Two month-old mutant testes showed the same phenotype as at 1 month (Fig. 5Bi) . One or 2 month-old mutant testes only rarely contained elongating spermatids (Supplementary Fig. S5 ). Like the wildtype (Barchi et al. 2005) , mutant pachytene spermatocytes displayed a γ-H2AX and Mre11-positive XY body (Fig. 5B  e,j) , indicating that sex chromosome pairing and silencing occurred normally in those mutant cells that reached pachytene. Together, these data document an early and progressive defect in spermatogenesis in the mutant testes.
Sertoli and germ cell apoptosis in early postnatal
Since Dicer Δ/Δ mutants appear to lose both Sertoli and germ cells, we next examined whether the mutant testis tubules may degenerate via apoptosis. Immunostaining for activated Caspase3 showed a high number of apoptotic cells throughout the mutant testes at P3 (Fig. 6Ab) . Counting of apoptotic cells revealed that apoptosis starts after P0, peaks at P3, and declines at P6 (Fig.  6Ac) . These results are consistent with the progressive degradation of the mutant testes observed at the histological level. To identify the nature of apoptotic cells, we next performed double immunostaining for WT1, a Sertoli cell marker, and for activated Caspase3. At P3, most Caspase3-positive cells were also positive for WT1 (Fig. 6Bd, arrows) , indicating a significant Sertoli cell death at this stage. Ocassionally, we also detected a WT1-negative, Caspase3-positive cell within the testis tubules (Fig.  6Bd, arrowhead) , indicating that some germ cells are also dying at this stage. The same situation was observed at P6, but at this stage, the Caspase3 signal was found more equally distributed between WT1-positive and -negative cells (Fig. 6Be) . Double IHC for the SSC marker PLZF and for activated Caspase3 confirmed that germ cells are indeed dying at P6 (Fig. 6Bf) . Identical results were obtained if SOX9 was used as a Sertoli cell marker instead of WT1 (data not shown). When we analyzed proliferation by staining for phospho-histone H3, a marker for prometaphase and metaphase cells in mitosis and meiosis (Hendzel et al. 1997) , we observed no significant difference between control and mutant testes at P0, but a significant decrease in cell proliferation in the mutant testes at P3 and P6 (Fig. 6C) . Therefore, the progressive size difference between control and mutant testes and the eventual loss of testis tubules in mutant mice seems to be caused both by an increase in apoptosis and by a decrease in cell proliferation.
Altered gene expression in Dicer Δ Δ Δ Δ Δ/Δ Δ Δ Δ Δ testes at the newborn stage
Real-time RT-PCR analyses were performed on testes from newborn mice, a stage where testicular histology of mutants appeared normal. We examined transcript levels of markers playing crucial roles in testis development and differentiation, spermatogenesis, and structural integrity (Table 1) . Compared with control testes, we found that transcript levels of several important markers of Sertoli cells, such as Sox9, Sox8, Amh, Fgf9 and Dhh, were significantly downregulated in P0 mutant testes, except for Wt1, which was only slightly reduced. We also examined expression levels of genes for Sertoli cell-derived signalling molecules GDNF (glial cell line-derived neurotrophic factor) and FGF2, involved in SSC self-renewal and proliferation (Meng et al. 2000; Simon et al. 2007) , and KL (Kit ligand) and BMP4, involved in SSC differentiation (Pellegrini et al. 2003 (Pellegrini et al. , 2008 . Whereas expression levels of Fgf2 were unchanged, Kl and Bmp4 were downregulated by about 40% and Gdnf by about 70%. Furthermore, transcript levels of Connexin43, which codes for a protein forming gap junctions between Sertoli cells and between Sertoli cells and germ cells, and of occludin and claudin 11, which encode tight junction proteins involved in the formation of the blood-testis barrier (Mruk and Cheng, 2004) , are reduced by a similar degree as the Gdnf transcript levels ( Table 1 ). All of this indicates that, in spite of their morphologically normal appearance, P0 mutant testes and Sertoli cells are already transcriptionally compromised.
Discussion
To assess the requirement of Dicer for the development of Sertoli cells and their relation to spermatogenesis, and to overcome the embryonic lethality associated with Dicer null mutants, we have deleted a floxed Dicer allele using an AMH-Cre deleter strain. Inactivation of Dicer in Sertoli cells occurred at around E14.0 and subsequently led to a breakdown of spermatogenesis and a severe decrease in the number of testis tubules leading to primary infertility.
Morphologically, no difference between Dicer-ablated testes and control testes was apparent at birth. Thereafter, the development of mutant Dicer testes deviated from that of controls, showing a phenotype of spermatogenic failure that increased in severity with age. Concurrently, we found an increase in the number of apoptotic cells. The peak in the number of apoptotic cells was detected at P3, just prior to the beginning collapse of mutant testes at P6. Cell death is a common phenomenon associated with Dicer conditional knockouts (Chen et al. 2008; De Pietri Tonelli et al. 2008 ; and references therein). Additionally, in vitro studies have shown that downregulation of Dicer results in accelerated apoptosis (Matskevich et al. 2008) , and that antisenseinhibition of a number of miRNAs increased the level of apoptosis (Cheng et al. 2005) . Dicer is also essential for the formation of the 
REAL-TIME PCR QUANTIFICATION OF GENE EXPRESSION CHANGES IN DICER Δ/Δ MUTANT TESTES AT P0
Five pairs of control and mutant testes were used. Data are mean ± s.e.m. (*P<0.05; **P<0.01; ***P<0.001).
heterochromatin structure, and its loss results in cell death with the accumulation of abnormal mitotic cells that show premature sister chromatid separation (Fukagawa et al. 2004 ). In the light of these observations, it is conceivable that the increased apoptosis we oberved in Dicer-deficient Sertoli cells is the consequence either (i) of the downregulation of miRNAs essential for the regulation of the apoptotic pathway, or (ii) of the role of Dicer in establishment of differentiation-dependent heterochromatin marks, or (iii) of a combination of both. The question arises as to why significant apoptosis is occurring only at P3 and later, about nine days after the recombination of the Dicer flox allele. This could be explained by assuming that Sertoli cells change their gene expression profile during their development and that, as a consequence, they may become more dependent on miRNA-mediated regulation than at earlier stages. Indeed, at around puberty (P8-P12), Sertoli cells undergo a process called maturation in which they change their morphology and function to support the first wave of spermatogenesis. Our results could indicate that shortly before this period, Sertoli cells become more dependent on miRNA-mediated control than at earlier stages. A similar situation has been described recently in neurogenic progenitor cells that were unaffected after Dicer ablation at the early stage of neurogenesis but underwent apoptosis at later stages (De Pietri Tonelli et al. 2008) . This is in accordance with the view of Stark and coworkers (Stark et al. 2005 ) that microRNAs confer precision and robustness to developmental gene expression programs, thus ensuring tissue identity and supporting cell-lineage decisions. Alternatively, the delay in the onset of Sertoli cell death and faulty development may be a consequence of long-term stability of miRNAs such that their levels start to decrease only after a lag phase of several days following Dicer inactivation. In fact, a preliminary analysis of all four of the several Sertoli cell-expressed miRNAs described by Ro and coworkers (Ro et al. 2007) indicates no significant change in mutant versus control testes at P0 (data not shown). Despite of this, we observed significant downregulation of essentially all Sertoli cell-expressed transcripts analysed already at P0. Thus, loss of Dicer function clearly has an early effect on the transcriptional competence of Sertoli cells that precedes morphologically apparent changes. Interestingly, Wt1 and Sox9, which were both downregulated, have previously been inactivated in a conditional manner using the same AMH-Cre transgene that we used in this study. In the case of Wt1, this resulted in the prenatal disruption of testis cords and progressive loss of Sertoli and germ cells (Gao et al. 2006) , while in the case of Sox9, concomitant inactivation of Sox8 caused postnatal failure of the differentiation of testis tubules into seminiferous tubules leading to complete primary infertility (Barrionuevo et al. 2009 ). Thus, the phenotype of the Dicer-mutants may partially be explained by the reduced expression of Wt1, Sox9 and Sox8 we observe at P0.
We also studied the expression of genes encoding molecules important for the structural integrity of the sex cords such as proteins involved in formation of Sertoli-Sertoli or Sertoli-germ cell contacts. Occludin and claudins are components of multiprotein complexes that form the tight junctions of mature Sertoli cells that constitute the blood-testis barrier. This barrier is essential for proper spermatogenesis, as males nullizygous for occludin or claudin 11 are sterile (Gow et al. 1999; Saitou et al. 2000) . In
Dicer-mutant testes, mRNA levels were reduced by about 70% for occludin and claudin 11. Of the more than a dozen connexins found in testicular gap junctions, connexin 43 (CX43) is the best studied and is a component of Sertoli-Sertoli and Sertoli-germ cell gap junctions (Decrouy et al. 2004) . Recently, a Sertoli cellspecific knockout of Cx43 was shown to prevent the initiation of spermatogenesis (Brehm et al. 2007; Sridharan et al. 2007 ). Similar to occludin and claudin 11, Cx43 transcript levels were downregulated to about one third of the wildtype level in Dicer testes. These changes were all apparent at P0, prior to histologically detectable abnormalities. It thus seems possible that the primary spermatogenic failure displayed by the Dicer-mutant testes results in part also from the reduced expression of these three junctional molecules.
Despite the massive apoptosis within the testis tubules beginning at P3, some Dicer-mutant testis tubules survived. This allowed us to follow the development of these tubules during spermiogenesis and spermatogenesis. Monitoring the prophase I-specific pattern of p53BP1 and γ-H2AX expression (Meyer Ficca et al. 2005; Ahmed et al. 2007) , as well as sex body formation in pachytene spermatocytes by γ-H2AX and Mre11 expression, we observed tubules where the seminiferous epithelium at stages IX -XI was disrupted beyond the leptotene spermatocyte layer. In tubules with an undisrupted epithelium, chromosome pairing at pachytene was normal as indicated by normal XY-body formation, but spermiogenesis was mostly arrested at the round spermatid stage, with elongated and elongating spermatids seen only rarely in mutant tubules. This indicates that in the majority of mutant tubules, loss of Dicer causes a block to the initiation of spermatid chromatin remodeling that occurs at the elongating spermatid steps (McPherson and Longo, 1993; Marcon and Boissonneault, 2004) . In addition, the Dicer-mutant testes are loosing SSCs, which could be a consequence of the downregulation of Gdnf, Kl and Bmp4, which all encode signalling molecules involved in SSC self-renewal and differentiation.
While this work was in progress, a report appeared that described the phenotype of a Sertoli cell-specific Dicer ablation that involved the same AMH-Cre line used in our study but a different Dicer-flox allele (Papaioannou et al. 2009) . Their data are in agreement with our results including the severe impairment of the prepubertal spermatogenic wave in Dicer-mutant testes due to development of defective Sertoli cells that fail to properly support meiosis and spermatogenesis, the massive Sertoli cell and germ cell apoptosis, and the transcriptional downregulation of major regulators of testicular development or spermatogenesis. They also describe numerous spermatogenic defects and progressive testis degeneration and note the almost complete absence of elongating spermatids in mutant tubules. While they observe increased apoptosis starting at P5, we show that this starts already at P3. Surprisingly, they measured increased proliferation of mutant Sertoli cells at P0, P5 and P15, whereas our study revealed a decrease in proliferation of cells in mutant testis tubules at P0, P3 and P6, which is consistent with decrease in cell proliferation frequently observed in other conditional Dicer ablation studies (Murchison et al. 2005; Hayashi et al. 2008; Kobayashi et al. 2008) . While Papaoiannou et al. also noticed that mutant Sertoli cells mislocate towards the center of tubules around P5, they did not describe the phenomenon that they later relocate to the tubular periphery at 1 month, expressing SOX9 stronger than they did at P6 (Fig. 4) . As the Cre recombinase has recombined the R26R-EYFP Cre reporter allele in all Sertoli cells of 1 month-old mutant tubules ( Supplementary Fig. S1 ), it can be inferred that Dicer is ablated completely in all Sertoli cells in the mutant. Why Dicer null Sertoli cells behave in this manner is not clear. Possibly, only those Sertoli cells survive up to 1 month where the loss of Dicer had only a transitory effect. Interestingly, Murchison et al. (2005) observed after deletion of Dicer in embryonic stem cells that some of the mutant cells are able to overcome the initial defect in proliferation and survive ("escapers"), regaining the potential to establish stem cell lines.
In conclusion, our study shows that Dicer function in Sertoli cells is important for the regulation of the events that govern a synchronous onset of spermatogenesis and for the maintenance of a multilayered architecture of the seminiferous epithelium essential for spermatid differentiation.
Materials and Methods
Mouse crosses
Dicer flox/flox mice (Cobb et al. 2005) were bred to AMH-Cre mice (Lécureuil et al. 2002) on a C57BL/6 background, and the resulting AMHCre;Dicer flox/+ offspring was backcrossed to Dicer flox/flox mice to obtain AMH-Cre;Dicer flox/flox mice. R26R-EYFP Cre reporter mice (Srinivas et al. 2001) were kindly supplied by Frank Constantini. Primers and PCR conditions for genotyping were used as previously described (Lécureuil et al. 2002; Kobayashi et al. 2008) . Primers to detect the 390 bp product diagnostic for the non-recombined Dicer flox allele and the 309 bp product diagnostic for the recombined Dicer flox allele were 5'-AGTGTAGCCTTAGCCATTTGC-3' and 5´-AGTAATGTGAGCAATAGTCCCAG-3´, respectively, and were used together in a single PCR reaction in combination with primer 5´-CTGGTGGCTTGAGGACAAGAC-3´.
Histologic and immunohistochemical analysis
For histology, embryos and dissected gonads were collected in PBS, fixed in Serra (ethanol:37% formaldehyde:acetic acid, 6:3:1), embedded in paraffin, sectioned to 7 μm, and stained with hematoxylin and eosin. Immunostaining was performed using either the Vectastain ABC Kit or the Vector M.O.M. Immunodetection Kit (both from Vector Laboratories) following the manufacturer's guidelines. The following commercial antibodies were used: SOX9 (catalog no. sc-17341, dilution 1:100), AMH (sc-6886, 1:100), and PLZF (sc-21389, 1:75) (all from Santa Cruz, CA); GFP (3999-100, 1:100, BioVision); γ-H2AX (05-636, 1:500, Biomol); p53BP1 (NB 100-304, 1:500, Acris Antibodies); Mre11 (1:200, Novus Biologicals), and WT1 (M3561, clone 6F-H2, 1:150, DAKO). Stained slides were examined with a Zeiss Axioskop 40 microscope. Images were captured by a Zeiss CCD camera. For immunofluorescence, anti-mouse-TRITC (T 7782, 1:200) and anti-rabbit-FITC (F 0382, 1:200) (both from Sigma) and anti-mouse-Cy2 and anti-rabbit-Cy3 antibodies (both from Dianova) were used. Fluorescent signals were recorded using a Zeiss Axioplan 2 fluorescence microscope equipped with the ISIS imaging system (MetaSystems). Sections of control and mutant gonads were always mounted on the same slide. At least three pairs of control and mutant gonads were analysed for each time point.
Real-time RT-PCR
Total RNA from P0 testes was extracted using the RNeasy Micro kit (Qiagen) including DNase I treatment. RNA integrity was checked with the Agilent 2100 Bioanalyzer (Agilent Technologies) and samples with an RIN above 9.0 were used. Synthesis of cDNA was performed using oligo dT primers and Superscript III reverse transcriptase (Invitrogen). PCR was performed using the QuantiTect SYBR green real-time PCR kit (Qiagen). Each sample was measured in duplicate in at least two independent experiments. C T values of samples were normalized to the corresponding C T values of Gapdh, and relative expression levels were calculated by the ΔΔC T method (Livak and Schmittgen, 2001) . Primer pairs used were: Bmp4, 5´-AGGAGGAGGAGGAAGAGCAGAG-3´ and 5´-TGAAGAGGAAACGAAAAGCAGA-3´; Fgf2, 5´-CAAACTACAACTCCAAGCAGAAGA-3´ and 5´-CCAGTCGTTCAAAGAAGAAACAC-3´; Kl, 5´-AGTAATAGGAAAGCCGCAAAGG-3´ and 5´-CTCCAAAAGCAAAGCCAATTAC-3´; Primer pairs for all other transcripts are published (Barrionuevo et al. 2009 ; and references therein).
Analysis of cell proliferation and cell death
For cell proliferation, 7 μm sections were stained with an anti-phosphohistone H3 antibody (Upstate, Cat 06-570, 1:200), and for detection of apoptotic cells, the anti-Caspase3-active antibody (R&D Systems, Cat AF-835, 1:100) was used. Both primary antibodies were detected using the ABC kit (Vector Laboratories, Burlingame, CA) following the manufacturer's protocol. The slides were counterstained with hematoxylin. For quantification, positive-and negative-staining cells in 30 randomly selected testis tubules per individuum were counted. For each time point and genotype, three different animals were examined. To obtain the percentage of positive cells in the tubules, the number of positive cells was set in relation to the total number of cells.
Statistical Methods
All values are expressed as the mean ± s.e.m. Statistical analysis was performed by the Student's t test, and results were considered statistically significant at a P value < 0.05(*), < 0.01(**), and < 0.001(***).
